Purpose The concrete industry faces challenges to create concrete mix designs that reduce negative environmental impacts but also maintain high performance. This has led to 'greener' cementitious materials being developed which can decrease the use of traditional Portland cement (PC). This study intended to carry out a 'cradle-to-gate' life cycle assessment (LCA) on concrete mix designs containing different cementitious blends. Methods The aim of this study was to obtain the overall environmental impact, with a particular focus on carbon dioxide (CO 2 ) emissions of three concrete mix designs: CEM I (100 % PC content), CEM II/B-V (65 % PC content, 35 % Fly Ash (FA) content) and CEM III/B (30 % PC content, 70 % ground granulated blast furnace slag (GGBS) content). Evaluations of the three concrete mixes were performed using 'SimaPro 8' LCA software. A comparative cradle-to-gate LCA of these mixes has not currently been explored and could present a new insight into improving the environmental impact of concrete with the use of secondary materials. Recommendations from this work would help the industry make key decisions about concrete mix designs.
Results and discussion Results show that Mix 2 (CEM II/B-V) and Mix 3 (CEM III/B) could potentially be taken forwards to improve their environmental impacts of concrete production. With respect to optimum mix design, it is strongly recommended that GGBS is selected as the addition of choice for reducing CO 2 emissions. FA does still considerably improve sustainability when compared to PC, but this work proved that inclusion of GGBS environmentally optimises the mix design even further. Advantages of using GGBS include lower CO 2 emissions, a substantial reduction of environmental impacts and an increased scope for sustainability due to the higher PC replacement levels that are permitted for GGBS. Due to mix designs enabling a higher contribution of GGBS additions, it would also indicate an increased positive effect regarding waste scenarios.
Conclusions and recommendations
The main contribution of this work demonstrated that concrete can be produced without loss of performance whilst significantly reducing the negative environmental impacts incurred in its production. The results obtained from this work would help to define the available options for optimising concrete mix design. The only material variations in each mix were the different cementitious blends. So, by determining the best option, a platform to make recommendations can be established based upon cementitious materials.
Introduction
Concrete is the most widely used construction material on the planet (Henry and Kato 2014; Flower and Sanjayan 2007) , and concrete production is believed to be responsible for up to 8 % of all CO 2 emissions worldwide (Pade and Guimaraes 2007; Huntzinger and Eatmon 2009) , 2.5 % of all UK CO 2 emissions and the third largest source of CO 2 emissions in the USA (Habert and Roussel 2009; Huntzinger and Eatmon 2009) . The manufacture of cementitious products is largely to blame for these emissions. Furthermore, cement manufactures commit about 5 % of global and 2 % of UK CO 2 emissions (Pade and Guimaraes 2007) . Therefore, any modifications to concrete mixes are substantial when attempting to reduce negative environmental impacts and increase its sustainability. Sustainability consists of three main pillars: environmental, economic and social. However, only the environmental pillar has a set of indicators for concrete products (García-Segura et al. 2014) . In order to achieve sustainability, it is essential to uphold a certain level of quality and performance to meet the standards on concrete. Furthermore, environmental performance has extended into all phases of a product's life cycle and always comes at a cost Cheung and Pachisia 2015) . These costs can be reduced through careful consideration at the early stages, for instance, material selection and mix design in concrete production.
Sustainability is becoming more commonly controlled in construction by regulations to prevent the risk of not having a competitive advantage over traditional o ptions (Lewandowska et al. 2015) ; however, regulations occasionally constrain sustainability; this is because some standards limit the use of alternative materials for various concrete constituents. This gives producers little scope for sustainability and deters them from exploring other potential options. A combination of life cycle assessment (LCA) with optimisation techniques can be utilised to satisfy both economic and environmental criteria which encourages more sustainable performance of a product system over the entire life cycle (Guinee et al. 2010; Azapagic and Clift. 1999) . In concrete products, this can reduce the reluctance from producers to explore potential options in sustainable concrete production (Hayes et al. 2015) . Portland cement (PC) is currently the only economic concrete binder, without any main addition, that matches the requirements for durability and performance (Zhang et al. 2014; Li et al. 2015) PC is composed primarily of calcium silicate minerals (Huntzinger and Eatmon 2009) and was found to be the primary source of CO 2 emissions generated by typical commercially produced concrete mixes, being responsible for 74 to 81 % of total CO 2 emissions (Flower and Sanjayan 2007) . For example, CEM I concrete utilises PC as its only binder and it produces around 1 t of CO 2 for every tonne that is manufactured (Imbabi et al. 2012) . PC can however be blended with other cementitious additions without compromising durability and performance, giving the potential opportunity to reduce the associated environmental impacts. Cementitious materials that are currently available for use in the UK are PC, ground granulated blast-furnace slag (GGBS), fly ash (FA) and limestone. GGBS, FA and limestone are additions that can be used in combination with PC at the concrete works in accordance with the British Standard for Concrete, BS 8500-2 (MPA. 2013).
Sustainable concrete production
Eisa (2014) states that concrete and global warming are strongly linked, which is a major problem for today's infrastructures. Richardson (2013) outlines how the consumption of concrete has risen from 1500 million tons in 1995 to a projected 3500 million tons by 2020. Concrete production has demonstrated some efforts through production and the supply chain to reduce energy use (Sustainable Concrete Forum 2012). Kawai et al. (2005) proposed that environmental impacts of concrete must be assessed equally alongside mechanical properties, serviceability, safety and durability. Since concrete structures usually last between 50 and 100 years, and that concrete (and especially cement) production is highly energy intensive, it means that sustainability is paramount (Müller et al. 2014 ).
Concrete mix design
Clear (2013) indicates that sustainable construction is supported by a widening range of materials deemed as being suitable for concrete. This provides scope for introducing new materials into the mix design for the process of producing concrete. Livesy (1996) states that the use of these secondary materials have significant environmental impacts through the reduction of energy input into cement, landfill use and also the emission of combustion gases. Black (2014) also indicates that there is little scope for reducing CO 2 emissions without an increased use of secondary cementitious materials (SCMs) (FA/GGBS), and that current clinker replacement levels in the UK are just over 13 %. The potential to increase this figure is demonstrated with a target of 30 % replacement levels by 2050.
GGBS is the by-product from blast furnaces that are used in the manufacture of iron for steel making (Higgins 2006) . FA is fine powder resulted from burning of coal in power stations; the composition can vary widely and depends principally on the type of coal burnt and the furnace firing conditions. FA is a pozzolanic material, whereas GGBS has partially inherent cementitious properties. FA contains little calcium; meaning that it is not very reactive as a cementitious material (UKQAA 2008) . Sear (2002) explains that FA can reduce the need for natural aggregates and can be used in a wide range of applications, making it ideal for reducing CO 2 emissions. For LCA of mixes containing either GGBS or FA, only emissions from processing are allocated to the materials (Heath and Paine 2014) . This is because CO 2 emissions in the blast furnace are normally associated with the production of iron rather than the by-product GGBS, and emissions from power generation are not considered as an environmental burden on FA (UKQAA 2008) . This gives PC a disadvantage, as this material is specific to the production of concrete so all CO 2 emissions are relevant.
Considerations and limiting factors of concrete mix
Concrete mix designs have to take into account many factors such as performance, environmental impacts, cost, etc. For concrete mixes, the cement combination can contain up to 80 % GGBS or up to 55 % FA (MPA 2013) . These figures can decrease depending on the requirements of the concrete. One limiting factor for GGBS and FA was highlighted by Heath and Paine (2014) ; they suggested that availability of these materials could mean they would eventually need to be imported. The issue of importing would be contentious as it would undermine the status of these materials as wastes or byproducts, which would influence their use.
Another limitation is of course cost. Black (2014) states that optimum mix designs in terms of CO 2 e per unit strength are not the cheapest. This can heavily deter the industry from exploring sustainable options since cost is a key driver for producing concrete. Although these alternative materials require more development, it is evident that SCMs are making large strides in the right direction. Higgins (2006) mentions that in 2005, the use of GGBS and FA saved the UK 2.5 million metric tons of CO 2 emission, and there still remains considerable potential for increased use of the two materials in this application. Nevertheless Bit is necessary to evaluate concrete's environmental impact properly, especially when developing new 'green' concretes^as stated by Van den Heede and De Belie (2012) .
Recent LCA approach and methods
In order to evaluate the potential environmental impacts of three mixed concrete designs, a review of recent LCA research has been conducted. There are different models in performing an LCA such as process-based LCA, economic input-output LCA (EIO-LCA), triple bottom line-EIO (TBL-EIO), hybrid LCA, advanced attributional LCA (AALCA) and social LCA (S-LCA). A few of these recent works are summarised as follows. Noori et al. (2015) utilised TBL-EIO to assess the social, economic and environmental impacts of four different wind turbines, two onshore and two offshore. They combined Monte Carlo simulation with multiple-criteria decision making (MCDM) to address the best suitable wind energy source for different weights of socioeconomic and environmental impacts. The Carnegie Mellon University Green Design Initiative (Noori et al. (2014a) developed and implemented the EIO-LCA approach in a software form. The aim of the EIO-LCA model is to eliminate the truncation errors in a typical process-based LCA. Kucukvar et al. (2014) developed a hybrid TBL-LCA method to evaluate the environmental and socioeconomic impacts of pavements constructed with different types of warmmix asphalt (WMA) mixtures and compared them to conventional hot-mix asphalt (HMA). However, weighting scoring systems are often based on expert judgment and can sometimes be extremely biased. Andrae (2015a) developed the AALCA to measure high eco-environmental impact products such as office computers and personal devices. The approach has improved the attributional LCA method to better understand the comparative ALCA practice. Rowley et al. (2009) applied a hybrid LCA approach to compare with conventional process-based LCA and input-output-based LCA analysis. The comparison was performed using a case study from the water industry and recommended that from an environmental analysis perspective, it would be beneficial to consider the three methodologies in parallel.
Huntzinger and Eatmon (2009) conducted a process-based LCA to evaluate the environmental impact of four Portland cement manufacturing processes. Their analysis was based on using SimaPro 6.0 software and shows that blended cements provide the greatest environmental savings. Another processbased LCA evaluation on building materials was carried by Bribián et al. (2011) . They performed an LCA study comparing the most commonly used building materials with ecomaterials using three different impact categories such as primary energy demand, water demand and global warming potential. The study proves that the impact of construction products can be significantly reduced by promoting the use of the best techniques available and eco-innovation in production plants, substituting the use of finite natural resources for waste generated in other production processes. Hosseinijou et al. (2014) developed a quantitative and qualitative tool used in S-LCA. The primary goal of this enhanced S-LCA is to assess and compare socioeconomic impacts of different materials such as concrete and steel for buildings.
The various LCA techniques developed by the researchers have many advantages, but the scope of this study is limited to process-based LCA mainly of data availability issue. The process-based LCA is considered more appropriate for this study, as it aims to include three different cases and because the method used is based on engineering facets, not including those of economic valuation. All environmental data are drawn from the Ecoinvent 3.01 database, allowing this study to compare the cases. This paper is therefore to report a 'cradle-to-gate' LCA method on concrete mix designs which have not currently been explored. The contribution of this study is to demonstrate that concrete mixed designs can be produced environmentally friendlier without loss of its performance. The recommended options can potentially be taken forwards to improve the sustainability of concrete production.
Methods

Background of the underlying approach
As seen in Fig. 1 , each mix design has a different binder combination; one of the concrete mixes contains traditional PC states that material substitution could be used to reduce global CO 2 emissions, for example, the addition of by-products or waste materials (GGBS/FA) to clinker (Metz et al. 2007 ). Portland-limestone cements (PLCs) have not been included in this study because a limestone content of 21-35 % (CEM II/ B-L) is currently not permitted for PLCs in the UK. Secondly, BS 8500-2 only permits a limestone content of 6-20 % (CEM II/A-L) in PLCs. Limestone fines (Chen et al. 2014) would also have relevant environmental burdens arising from quarrying, drying and grinding. This means that there is less scope for achieving sustainability. The potential for PLC is also significantly reduced as it cannot be used with other additions such as GGBS or FA. This means batching plants require additional silo storage capacity which will not provide cost effectiveness or be practical in terms of space for many urban plants.
Concrete mix designs can be optimised with different cementitious blends within their composition to enhance sustainability and reduce the negative environmental impacts that are associated with the concrete construction industry. This work addressed the CO 2 emissions from the production of three concrete mix designs: CEM I (100 % PC content), CEM II/ B-V (65 % PC content, 35 % FA content) and CEM III/B (30 % PC content, 70 % GGBS content). A comparative cradle-to-gate LCA of these mixes has not currently been explored and will present a new insight into improving concrete sustainability with the use of secondary materials. Recommendations from this work will help the industry make key decisions about concrete mix designs. Evaluations of the three concrete mixes were performed using the SimaPro 8 (Josa et al. 2007 ). The outcome of this work is to make recommendations for optimum concrete mixes with respect to a solution for increased sustainability and reducing environmental impacts. This will provide a methodology for achieving lower CO 2 emissions in the construction industry whilst still attaining effective considerations regarding cost and technical performance. Mitigating associative CO 2 emissions within the construction sector now has a larger emphasis than ever, and activities are now being regulated in terms of the quantity of CO 2 emissions, embedded energy and environmental impacts (Glasser 2014) . The methodology proposed by this work can be utilised by designers, producers and also end users in the decision making processes within concrete construction.
The LCA approach of three concrete mixed designs
Borghi (2012) suggests LCA has evolved into a key tool for use as a basis to communicate the overall environmental performance of products. Life cycle studies are based on the fact that decisions taken in one phase should always be set against the background of the consequences for the following phases (Janssen and Hendriks 2002) . In order to compare concrete mix designs, it is important that a cradle-to-gate LCA approach is applied. An LCA approach is drawn upon to comparatively identify associated negative environmental impacts of three concrete mix designs from cradle-to-gate. The independent variables for this study are the three mix designs. Each selected mix has been designed to produce structural concrete to BS 8500-2, all having a fixed cementitious content of 380 kg/ m 3 . This content includes varying levels of SCMs, in order to demonstrate a trend that higher PC replacement levels can be achieved to proportionally reduce environmental impacts. The hypothesis of this work is that a reduction of negative impacts would occur when higher amounts of constituent SCM were contained in the binder combination of each mix design. The outlines of the LCA on the three concrete mixed designs are as follows:
i. Goal and scope definition-Determine the functional unit and system boundary. In this assessment, the iii. Impact assessment-Understand and evaluate the magnitude and significance of the environmental impacts for each mix design throughout its life cycle, focusing particularly on CO 2 emissions. Determine the importance of data and how they affect different impact categories. iv. Interpretation-Concrete mix designs will be compared in terms of CO 2 emissions and other environmental impacts. The best options regarding sustainability in the industry will be highlighted and other relevant deductions can be made.
Preparing test cases
To prepare the test cases, the first mix design is a traditional CEM I concrete and the other two are for more novel CEM II/ B-V and CEM III/B concretes containing 35 % FA and 70 % GGBS, respectively. The content of these additions are designed to be within the permitted range. The three mix designs produce concretes that have the designation RC32/40 and have the consistence class S3 (wet mix) in accordance with BS 8500-1. Each mix has been designed for concrete that was placed by pump (rather than by skip, chute, etc.); therefore, they are all cohesive and within a specific grading envelope.
System boundary of the concrete production
The system boundary ( Fig. 2) includes all of the necessary inputs for producing concrete, such as extraction and processing of raw materials up to producing the concrete mix. Cement manufacture and aggregate extraction/processing are all operations that fall within the boundary, as are all material transportations. The system boundary does not include SCMs. Energy and water inputs to the concrete mixing plant are also not within the boundary. The assumptions made for the system boundary are justified in the following section.
Assumptions
The following assumptions have been taken into account for this LCA:
i. A functional unit of 1 m 3 , i.e., each mixed produces 1 m 3 . ii. All three mix designs are capable of producing concretes of equivalent mechanical performance and durability. It is for this reason that technical performance has not been determined. iii. Many concrete production processes are uniform for each mix design and are therefore not relevant to this comparative study. Relevant processing data for materials are included within the LCA system boundary. iv. GGBS and FA are by-products; therefore, any emissions allocated to the materials from steel or electricity production are not seen as relevant in terms of concrete production and have not been included inside the system boundary. Only processing and transportation emissions are allocated to the materials for this assessment. v. Average round trip transportation distances to the concrete plant are estimated to be 105 km for aggregate materials, 209 km for PC, 314 km for FA and 439 km for GGBS. Distances are assumed as typical for the UK. vi. All transportation is conservatively anticipated to be by road. vii. Ninety percent of solid wastes that are generated at the concrete plant are recycled. Under this assumption, it is estimated that the total landfill waste is 16 kg/m 3 of concrete.
Concrete mix designs
The three concrete mix designs undergoing LCA are summarised in Table 1 . Mix design LCA inputs can be found in the Electronic Supplementary Material as Appendix A (note: some inputs are not visible, since relevant processes for each material are automatically included). iii. An inclusion of PC 42.5. This cement is typically used in construction and is frequently combined with FA and GGBS; and iv. Been yield checked in order to ensure that they produce 1 m 3 of concrete. There is a slight variation in mass and density across each mix due to material variation and rounding. Each mix achieved this yield within a tolerance of ±1 %, which is generally deemed as acceptable within industry standards. The yield checks for each mix can be found in Appendix B (Electronic Supplementary Material).
Life cycle assessment results
Results were obtained in SimaPro LCA software using three different impact assessment methods: Eco-indicator 99, EPD 2008 and Ecopoints 97. These methods are generally accepted and commonly used for demonstrating environmental profiles. Results are presented by impact categories which can be grouped together to form damage categories. Results by damage category can be found in Appendix C (Electronic Supplementary Material). Every impact category shown in Fig. 3 for the Eco-indicator 99 method have the same trend. The characterisation of each category comparatively displays impacts associated with each mix design. It is clear that 'Mix 3' demonstrated the lowest impact, with 'Mix 1' consistently showing the highest. 'Mix 2' revealed improvements compared to Mix 1, but constantly displayed an environmental performance that falls somewhere between the other two mix designs. The normalisation result shown in Fig. 4a illustrates the relative size of the 11 impact categories. Fossil fuels have the greatest normalised environmental score for each mix design, followed by Resp. inorganics and then climate change. Figure 4b shows the weighting of each impact category. Weighting is the product of normalisation results and weighting factors and displays a relative importance of each impact category. Resp. inorganics, climate change and fossil fuels show the highest importance in terms of impacts. Figure 5 illustrates that the total single scores from the Ecoindicator 99 method show that Mix 1 has the highest score with 13.9 Pt. The unit 'Pt' is regarded as dimensionless and its sole purpose is to compare relative differences between products, which in this case are the three concrete mixes. Mix 2 shows a slight reduction (−23 %) by having a value of 10.8 Pt whilst Mix 3 shows an even further reduction (−40 %) with a value of 8.52 Pt. Single scores were formed from the weighted results and are attributed to each mix. This facilitates an immediate understanding of the overall environmental impacts. Figure 6 shows the EPD 2008 method that includes the impact category of 'global warming (GWP100)' which measures the performance of each product regarding CO 2 . This is a key finding and basically reflects that higher PC replacement levels lead directly to a lower amount of associated CO 2 emissions. Table 2 shows unit values in kilogram CO 2 equivalent ('kg CO 2 eq') to be 334, 227 and 127 for Mix 1, Mix 2 and Mix 3, respectively. Overall, this means that Mix 1 was accountable for a substantial 32 % increase and a staggering 62 % increase in consequential CO 2 emissions when compared with Mix 2 and the Mix 3. By comparing Mix 2 and Mix 3, it can be seen that Mix 2 is responsible for 44 % greater amount of equivalent CO 2 emissions, indicating that Mix 3 has by some way showed the strongest reduction in CO 2 emissions. Figure 7 illustrates the strong negative correlation between the amount of SCM addition and CO 2 emissions in the production of 1 m 3 of concrete. The actual values for the CO 2 impact category for this method are given as 3.34 × 10 5 , 2.28 × 10 5 and 1.28 × 10 5 for Mixes 1, 2 and 3, respectively. These values are given in Table 3 and have the unit gram CO 2 equivalent ('g CO 2 eq'). If these values are converted to kilogram CO 2 equivalent, they become 334, 228 and 128, making them extremely similar (within 1 kg CO 2 eq.) to the corresponding values for global warming (GWP) that are illustrated in Fig. 6 (and Table 2 ).
The importance of CO 2 emissions is boldly exposed in Fig. 8 . It can be seen that CO 2 has the highest weighted contribution to environmental impacts. The three values for CO 2 loads for Mixes 1, 2 and 3 were 66.8, 45.5 and 25.5 kPt. Hence, Mix 3 is 62 and 44 % lower than Mix 1 and Mix 2, respectively. These scores therefore make up the largest chunk of the single scores for each mix as shown in Fig. 9 .
The overall pattern of the Ecopoints 97 Single Score results indicate a sizeable decrease in overall environmental load for the mix designs containing SCMs, compared with Mix 1, which reflects all other results. Mix 1 has an overall score of 173 kPt, with Mix 2 and Mix 3 achieving totals of 130 and 94.5 kPt (as shown in Table 4 ). Hence, Mix 3 is 45 and 27 % lower than Mix 1 and Mix 2, respectively. Some of the Fig. 9 show a slight contradiction than this. The categories COD, P, AOX (water), metals (soil) and pesticide soil do not demonstrate a decrease in values for Mix 2 and Mix 3. This can be seen in more detail in Tables 3  and 4 ; however, these categories are considered to be inapt in terms of their relativity to this study. This consideration is validated in Fig. 8 where these categories can be seen to have an extremely small or even non-existent weighted impact.
Discussion
The results obtained from this work would help define the available options for optimising concrete mix design. In this optioneering process, each mix design is considered to be a different option. The only material variations in each mix are the different cementitious blends. So, by determining the best option, a platform to make recommendations can be established based upon cementitious materials.
Mix 1 (CEM I concrete) option
Mix 1 advantages:
& CEM I concrete can be recycled for use in aggregate applications. This has an official designation as recycled Portland cement concrete (RPCC). & PC is more readily available than FA/GGBS. PC is manufactured specifically for the purpose of concrete production, so it is made to satisfy demand. & PC has shorter transportation distances to the concrete plant than SCMs, which implicates reduced environmental impacts and CO 2 emissions for transportation of materials in this mix design.
Mix 1 disadvantages:
& This mix presented the highest CO 2 emissions; kilogram CO 2 equivalent values are greater than both Mix 2 and Mix 3 by both 107 and 207, respectively. Thus, Mix 1 is 32 % higher than Mix 2 and 62 % more than Mix 3. & This mix has the highest total single scores in both the Eco-indicator 99 and Ecopoints 97 methods with values of 13.9 and 173 kPt, respectively.
Overall, this option is not feasible and therefore must be discarded.
Mix 2 (CEM II/B-V concrete) option
Mix 2 advantages:
& Mix 2 does demonstrate considerable CO 2 reductions when compared with Mix 1. According to this study, a 32 % decrease in kilogram CO 2 equivalent would result from using a CEMII/B-V as opposed to a CEM I mix. & A single score totals from the Eco-indicator 99 and Ecopoints 97 methods, Mix 2 exhibited 3.1 Pt (− 23 %) and 43 kPt (−25 %) reductions when compared with Mix 1, respectively. & Transport distances for FA to the concrete plant are estimated to be 314 km on average in the UK. This is 123 km less than the value for GGBS.
Mix 2 disadvantages:
& CEMII/B-V mixes can only contain a maximum of 55 % FA addition, but in the UK, this figure rarely rises above a 30 % replacement level. This is not as high when 
Mix 3 disadvantages:
& GGBS used within the CEMIII/B mix tends to have the largest transport distance compared to other cementitious materials; this is due to a select amount of locations that still operate blast furnaces in the UK. Some iron slag is even imported from mainland Europe to maintain the supply.
Overall, the advantages strongly outweigh the disadvantage, meaning that this option is most definitely feasible.
Recommendation
As highlighted previously, the only options that display any feasibility are Mix 2 and Mix 3. It is recommended that both of these options could potentially be taken forwards to improve the sustainability of concrete production. With respect to optimum mix design, it is strongly recommended that GGBS is selected as the addition of choice for improving sustainability. FA does still considerably improve sustainability when compared to PC, but the LCA of this work proved that inclusion of GGBS environmentally optimises the mix design even further. Advantages of using GGBS include lower CO 2 emissions, a substantial reduction of environmental impacts and an increased scope for sustainability due to the higher PC replacement levels that are permitted for GGBS. Due to mix designs enabling a higher contribution of GGBS additions (per cubic metre of concrete), it would also indicate an increased positive effect regarding waste scenarios. This is because without being applied to concrete mix designs, both GGBS and FA would be waste materials and would therefore be sent to landfill.
Conclusions, limitations and future work
The work demonstrated that significantly 'greener' concrete can be produced. This demonstration is largely successful due to the conclusive evidence that the addition of SCMs within mix designs can go a long way to reducing the overall CO 2 emissions and therefore substantially improve sustainability. Of these SCMs, it is also decided that GGBS would provide further benefits than FA for satisfying this objective. Both a cradle-to-gate LCA and an optioneering process delivered an overall resolution that can help designers and specifiers encourage the use of SCMs. Some stumbling blocks are still evident with the use of SCMs; the industry should make use of the obvious advantages with respect to sustainability that these materials have to offer. The identification of these advantages means that this work can be used for key sustainability decisions when it comes to concrete mix designs. The agenda for optimising the mix design also heavily relies on cost and performance implications, which are additional areas that can be explored in the future.
The authors accept that there are limitations in this study. Within this work, the authors excluded uncertainty and sensitivity analysis and focused on the evaluation of environmental impacts of the three concrete mixed designs. However, uncertainty and sensitivity analysis are important in conducting LCA (Noori et al. 2014b; Andrae 2015b) . Uncertainty is one of the characteristics of the real world; including uncertainty and sensitivity analysis can help achieve a more realistic result. Therefore, future work should include the adaptation of AALCA (Andrae 2015a) and different methods such as Monte Carlo or exploratory modelling (Noori et al. 2014b) .
Further research work could form a detailed tool to be used by the industry for making decisions regarding SCMs for optimum mix design. In order to achieve this, it is recommended that future work should carry out an in depth cost analysis in order to find a compromise between environmental reduction and cost effectiveness; this should be interesting as FA generally tends to be cheaper as a material than GGBS. Further work should include testing different concretes to measure technical performance, including the acquisition of results for 28-day compressive strength, durability, permeability and so on. This should ensure that correct mechanical properties are selected for specific applications. Future work can also look at the broader scope for sustainability in concrete production and should carry out LCA in order to find potential benefits of other mix design materials other than SCMs, for example, the inclusion of recycled aggregates, alkali-activated binders and the incorporation of water recycling at concrete plants, amongst other potential options.
